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.2012.09.Abstract Removal of some hazardous waste like copper from efﬂuent streams has an industrial
importance. In this ﬁeld, this paper is directed towards electrochemical removal of copper ions from
sulfate solution using packed bed electrode. The cathode packing is in static mode, consisted of
graphite particles, with mean particle size equal to 0.125 cm. The high surface area of this cell is
expected to give high current efﬁciency and removal percent. The effect of current density and liquid
ﬂow rate were tested. Experimental results obtained indicate that the efﬁciencies are in direct pro-
portional with current density while inversely proportional with liquid ﬂow rate. It was observed
that, using this cell was effective in reducing copper concentration to less than 4 mg/l with R.E
of 96.2% during 30 min electrolysis time.
ª 2013 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Heavy metals issuing from industries create an environmental
health risks even at very low concentrations. Some of heavy
metals such as Pb, Cu, Hg and Cr are not biodegradable and
tend to accumulate in living organisms. Heavy metals pollu-04681965; fax: +20 3387758/
(H.S. Hussein).
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011tion commonly originates from different metal industries, such
as puriﬁcation of metals, plating industries, mining waste and
fertilizer manufacturing. It is well known that copper is widely
used in electroplating, light industry, mechanical manufactur-
ing industry and architecture. Additionally, copper is an indis-
pensable micronutrient to humans and other life forms.
However, it is one of the toxic metals to human beings as
excessive copper would cause serious lesions in the central ner-
vous system and even permanent damage particularly for chil-
dren [1]. The harmful concentration limit of copper is nearly
the same as that of cyanide [2]. Since copper is considered
one of the heavy metals, the removal and recovery of them be-
fore discharging becomes necessary. Various methods have
been proposed to remove heavy metal ions from sea water
and wastewater using adsorption, electrodialysis, chemical pre-
cipitation, biosorption, ion exchange resin and electrochemicalhosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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Figure 1 Adopted system for copper removal. 1 – Graphite bed,
2 – power supply, 3 – holding tank, 4 – circulating pump, 5 –
sampling point, 6 – ﬂow-regulating valve, 7 – current feeder and
8 – current collector.
200 I.A. Khattab et al.techniques. Each of these methods has its own advantages and
disadvantage. Unfortunately, some of these methods are difﬁ-
cult to use on a large scale or expensive to apply. The use of
electrochemical method to recover metal ions in the waste
water in their metallic state can be considered as relatively sim-
ple and clean method. For metal electrodeposition from dilute
solutions, the plain electrode was inadequate because of poor
mass transfer rates. To overcome this problem, three-dimen-
sional cathodes in different forms have been investigated by
many researchers because they provide high speciﬁc surface
area and high mass transfer rates [3]. These reactors can signif-
icantly improve mass transfer rates and signiﬁcantly increase
current efﬁciency. Many types of three-dimensional electrolytic
reactors have developed, including the rotating packed cell,
porous graphite, reticulated vitreous carbon and ﬂuidized-
bed electrolytic cell [4]. A ﬁxed bed electrode is three-dimen-
sional porous one. It is well known that porous electrode
can be used to provide an electrode with a large active surface
area. This allows removal of metal ion with a low current den-
sity at the electrode–electrolyte interface, but with high current
per unit of cell volume. Then, it improves productivity and en-
ergy efﬁciency in electrosynthesis applications and also remove
metal ion from aqueous solutions to very low levels [5]. From
the previous studies Bennion et al. [6] investigated the electro-
chemical removal and recovery of copper ions from very dilute
solutions by using porous, ﬁxed, carbon electrodes. They re-
ported that, the potential difference between the carbon matrix
and the solution at all points within the porous electrode
should be sufﬁcient but not too large, to ensure copper depo-
sition without hydrogen evolution. Also, Sarefanaz. et al. [7]
studied the removal of copper ions from dilute solutions using
a rectangular packed-bed-electrode made of particulate car-
bon. They examined the effects of bed conditions and ﬂow rate
on the deposition rate. The authors concluded that greater efﬁ-
ciencies for deposition of copper on previously used beds could
be attained than when the deposition was performed using a
freshly prepared bed under identical operating conditions.
Moreover, they concluded that the increase in solution ﬂow
rate shifted the half-wave potential of copper to more negative
values due to the increased ohmic loss in solution and compet-
itive reactions were enhanced. The aim of this work is to study
the effects of an operational variable as current density and a
hydrodynamic factor as liquid ﬂow rate on removal percent
and current efﬁciency of the processes.2. Experimental technique
2.1. Experimental set-up
A schematic representation of the experimental set-up is shown
in Fig. 1. The set-up consisted of an electrolytic cell, D.C.
power supply, holding tank, ﬂow-regulating valve and circula-
tion pump. The cell was made of a Perspex column of cylindri-
cal shape; the inside diameter and the height were 10 cm and
70 cm, respectively. The column is separated by a ﬂow distrib-
utor into upper and lower parts. The current feeder (anode)
was ﬁxed in the lower part of the column while the current col-
lector (cathode) was in the upper part. Both feeder and collec-
tor were made of 304 stainless steel. The feeder had a cup
shape, opened at one side and closed at the other. The cathodeis disc like collector with several legs to give good contact with
the particulate-bed.
2.2. Materials and methods
The chemicals were analar grade. A regulated D.C. power sup-
ply type (Lodestar 8203) was used to supply power. A pH me-
ter (type HI 8417 made by HANNA instruments) was used to
measure the pH of the electrolyte. Electrolyte feed pump was
(Corrosion-resistant magnetic – driven centrifugal pump,
220 V AC, 50 HZ, 90 W) Ascoll, Italy. The copper concentra-
tion was measured by atomic absorption spectrophotometer
PerkinElmer 1100 B. The ﬂow rate, measured by graduated
cylinder and stop watch, was ﬁxed at 750 ± 50 ml/min. The
used electrolyte had an initial copper concentration in the
range of (100–350)mg/l. Sodium chloride was used as support-
ing electrolyte, the concentration of which was ﬁxed at 0.5 M.
The pH of the electrolyte was adjusted at value 3 at the start of
each run by using either hydrochloric acid or sodium hydrox-
ide. Samples were taken from the circulated solution each
5 min except the ﬁrst sample was taken after 10 min. The cur-
rent density was changed in the range from 100 A/m2 to 500 A/
m2. Experiments were carried out at room temperature
(26 C± 3).
3. Results and discussion
3.1. Effect of current density
3.1.1. Removal percent
Fig. 2 shows the increase of removal percent versus current
density during different electrolysis times at different copper
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Figure 2 Effect of current density on removal percent at different time of electrolysis at various initial concentrations: a. (100 mg/l), b.
(150 mg/l), c. (250 mg/l) and d. (300 mg/l).
Electrochemical removal of copper ions from dilute solutions using packed bed electrode. Part I 201concentrations. A direct proportionality is observed with time
of electrolysis. However, an inversed relationship is obtained
between the removal percent and initial concentration. A
steady state plateau is attained for the minor concentration
after 30 min electrolysis time and over 400 A/m2 current den-
sity. From the best results obtained, removal percent reached
to 96.2% after 30 min at 500 A/m2.
3.1.2. Current efﬁciency
Figs. 3 and 4 show the increase of current efﬁciency with cur-
rent density at different initial copper concentrations and time
of electrolysis. In fact, increasing of current efﬁciency values
with initial copper concentration was attributed to increasing
of rate of mass transfer of copper to the cathode surface
which suppresses hydrogen evolution reaction. However, at
Fig. 4, it is remarkable that current efﬁciency is inversely pro-
portional to the electrolysis time. After 10 min time of elec-
trolysis using 300 mg/l initial copper concentration, the
current efﬁciency reached to 66.7% at 500 A/m2. Then it
dropped to 48.4% after 20 min time of electrolysis. The de-
crease of current efﬁciency with electrolysis time is explainedby the decrease in copper concentration due to the deposition
process. The decrease in copper concentration decreases the
limiting current value which enhances hydrogen evolution.
These results agree with some of the results presented by
Kusakabe et al. [8].
3.2. Effect of cell hydrodynamics
3.2.1. Rate of deposition
One of the most important hydrodynamic parameters is the li-
quid ﬂow rate. In the following, the experimental behavior
concerning this parameter is illustrated. Electrolysis conditions
were ﬁxed at 300 mg/l initial copper concentration, 0.5 M
NaCl as a supporting electrolyte and 500 A/m2 current density.
The previous liquid ﬂow rate was ﬁxed at 0.8 l/min. while in
this section; it has been varied in the range of 0.6 to 2 l/min.
Fig. 5 shows the depletion of copper concentration with elec-
trolysis time at different liquid ﬂow rates. It can be noted that
the curves are expontional type. From these results, it is clear
that copper deposition at the lowest solution ﬂow rate 0.6 l/
min is much higher than that at the ﬂow rate of 2 l/min. For
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Figure 4 Effect of current density on current efﬁciency at
different time of electrolysis.
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Figure 5 Effect of liquid ﬂow rate on copper concentration
versus time of electrolysis.
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Figure 6 Current efﬁciency versus time of electrolysis at different
liquid ﬂow rate.
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Figure 3 Effect of current density on current efﬁciency at
different initial concentrations.
202 I.A. Khattab et al.example, the concentration of the treated copper solution
reached to 78.1 mg/l (i.e. R.E%= 73.3) after 30 min electrol-
ysis time and 0.6 l/min. However, at solution ﬂow rate of 2 l/
min., the ﬁnal copper solution concentration reached to
198.5 mg/l (R.E%= 33.5). It was expected that, higher ﬂow
rates should give higher removal rate of copper since the rate
of mass transfer of copper ions to the cathode surface increases
as the liquid ﬂow rate increases. However, as reported by
Ruotolo et al. [9], liquid ﬂow rate has an inﬂuence on overpo-
tential and current density proﬁle. So, the increase of liquid
ﬂow rate increases the cell resistance due to the shift of the
half-wave potential of copper deposition to more negative val-
ues which enhanced the hydrogen reduction reaction as ob-
served by Sarfarazi et al. [7]. Moreover, since the residence
time is inversely proportional to the liquid ﬂow rate, higher
ﬂow rates decreases the mass of copper removed as the longer
the effective residence time, the greater will be the separation
factor (i.e. outlet copper concentration Co divided by the initial
copper concentration Ci) this was explained by Bennion et al.
[6] .So, it is recommended to use the lowest liquid ﬂow rate
0.6 l/min. to attain higher copper removal rate.
3.2.2. Current efﬁciency
Fig. 6 describes the current efﬁciency as a function of electrol-
ysis time at different solution ﬂow rates. The initial copper
concentration was ﬁxed at 300 mg/l, 0.5 M NaCl as a support-
ing electrolyte and 500 A/m2 current density. As shown in the
ﬁgure, current efﬁciency is inversely proportional to time of
electrolysis and the solution ﬂow rate. The maximum current
efﬁciency value was 84.1% after 10 min time of electrolysis.
While on using ﬂow rate of 2 l/min. and after 10 min time of
electrolysis, current efﬁciency dropped to 35%. This is ex-
plained as; higher ﬂow rates resulted in a shift in the reduction
potential wave of copper to more negative value which in-
creased the ohmic loss in solution. Then, hydrogen evolution
side reaction limited the maximum ﬂow rate and hence de-
creases the current efﬁciency values Bennion et al. [6]. These re-
sults agreed also with Sarfarazi et al. [7]. So, it is clear that
using of lower ﬂow rates leads to higher current efﬁciency
value.
Electrochemical removal of copper ions from dilute solutions using packed bed electrode. Part I 2034. Conclusion
(1). In this study, packed-bed electrode cell was successfully
applied for electrochemical removal of copper ions from
dilute solutions. Removal percent of 96% approximately
attained under the following conditions:
- Current density: 500 A/m2.
- Electrolysis time: 30 min.
- Concentration of the supporting electrolyte, NaCl, was
0.5 M.
- Initial pH of the electrolyte was 3.
- Initial copper ion concentration was 100 mg/l (Using
CuSO4 salt) and for initial copper ion concentration
>100 mg/l, longer time of electrolysis is needed to obtain
high removal %.
(2). Current efﬁciency increased with current density at dif-
ferent initial copper concentrations and time of electrol-
ysis. This was attributed to increasing of rate of mass
transfer of copper to the cathode surface which sup-
presses hydrogen evolution reaction.
(3). Current efﬁciency decreases as time of electrolysis is
increased due to the commencement of side reactions
as a result of decreased copper ion concentration at con-
stant applied current density.(4). It was conﬁrmed that the liquid ﬂow rate has an impor-
tant effect on both removal percent and current efﬁciency
of copper. At low liquid ﬂow rate higher removal percent
and current efﬁciency values were obtained.References
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